Introduction {#Sec1}
============

Sickle cell disease (SCD) is characterized by a pathogenic hemoglobin (sickle hemoglobin) derived from a point mutation in the β-globin gene, which causes hemoglobin polymerization, sickling of red blood cells (RBCs), hemolytic anemia, vaso-occlusion, end-organ damage, and early mortality. Hydroxyurea (HU) administration is a Food and Drug Administration (FDA)-approved and widely accepted treatment for SCD, which induces fetal hemoglobin expression and thereby reduces sickling^[@CR1],[@CR2]^. However, responses to HU treatment are variable among patients and lead to mostly modest health improvements. Recently, [l]{.smallcaps}-glutamine was approved by the FDA as the second available drug for SCD^[@CR3]^, although the therapeutic effects appear less robust than those of HU. In addition, both [l]{.smallcaps}-glutamine and HU require continued usage to maintain their therapeutic effect.

In contrast, allogeneic hematopoietic stem cell (HSC) transplantation with a matched sibling donor can be curative for both pediatric and adult SCD patients. In this approach, SCD patient HSCs are replaced by a one-time infusion of donor HSCs after conditioning and reconstitution of blood production in transplanted patients generates normal RBCs^[@CR4]--[@CR6]^. However, a histocompatible donor is only available to around 10% of patients and graft rejection along with graft-vs.-host disease remain significant barriers^[@CR7]^. An alternative curative strategy is HSC-targeted gene therapy, in which autologous HSCs from SCD patients are modified by adding a normal or therapeutic β-globin gene (or γ-globin gene) using lentiviral vector gene transfer^[@CR8],[@CR9]^. The therapeutic benefits of viral vector-mediated HSC gene therapy have been reported in several gene therapy trials for immunodeficiencies^[@CR8],[@CR10]--[@CR13]^; however, gene therapy for SCD and β-thalassemia remains under development. Unlike those used in other diseases, therapeutic vectors for the β-globin diseases have demanding requirements including high-level β-globin expression, tissue specificity among erythroid cells, long-term persistence, and high-level modification at the HSC level. These demanding requirements necessitate the inclusion of complex genetic elements including the locus control region (LCR), β-globin promoter, β-globin (or γ-globin) gene, and β-globin downstream region (including the 3′-untranslated region (3′-UTR)), which is now feasible using human immunodeficiency virus type 1 (HIV-1)-based lentiviral vectors^[@CR14]--[@CR17]^. The additional requirement of intron 2 for high-level β-globin expression dictates a reverse-oriented globin-expression cassette to prevent the loss of intron 2 by RNA splicing during retroviral vector preparation^[@CR15]^. Due to the unique requirement for intron 2, globin-containing vectors are the only therapeutic vectors in clinical development that use this reverse orientation, and this strategy has remained unchallenged for decades despite its negative impacts on efficiency.

Current reverse-oriented globin vectors can drive phenotypic correction in mouse models for both β-thalassemia and SCD^[@CR14],[@CR16],[@CR18]--[@CR22]^. Although initial gene therapy trials for β-thalassemia and SCD are encouraging, they also demonstrate the need to improve upon these results by optimizing target cell collection, processing, and transduction^[@CR9],[@CR23]^. Indeed, lower than anticipated gene transfer levels in preliminary gene therapy trials are likely the result of reduced vector copy number (VCN)^[@CR24]^, as reverse-oriented globin vectors have lower vector titers and lower transduction efficiency in primary human HSCs, which limits their clinical prospects^[@CR25]^. We hypothesized that reverse orientation impedes both viral preparation and vector transduction.

In this report we describe a forward-oriented globin-expressing vector that retains intron 2, achieves high vector titers, and results in efficient transduction of human HSCs in vitro and in xenograft mice and rhesus HSCs in vivo.

Results {#Sec2}
=======

Improved titers and transduction with forward orientation {#Sec3}
---------------------------------------------------------

Current globin-expressing vectors are all reverse-oriented to prevent the loss of intron 2 by RNA splicing during viral preparation, as intron 2 is required for high-level β-globin expression^[@CR15]^. We hypothesized that reverse orientation impedes both viral preparation and vector transduction, as despite extensive modifications (described in Supplementary Note [1](#MOESM1){ref-type="media"}) through deletion of cryptic polyadenylation (polyA) signals to optimize a conventional reverse-oriented globin vector (yielding a 10-fold increase of vector titers), \~10-fold lower titers and less efficient transduction in human CD34^+^ cells were still observed as compared with a standard forward-oriented gene marking vector (Supplementary Note [1](#MOESM1){ref-type="media"} and Supplementary Fig. [1](#MOESM1){ref-type="media"}). We thus designed forward-oriented globin-expressing vectors, in which a globin-expression cassette was inserted in the same orientation as the HIV-1 vector backbone (Supplementary Fig. [2A](#MOESM1){ref-type="media"}). Using enhanced green fluorescent protein (GFP) in place of the globin gene, all components in the globin-expression cassette were further optimized for the forward orientation by including a shortened LCR composed of hypersensitive sites 2, 3, and 4 (short HS234), a large-sized β-globin promoter (LP), and a small-sized β-globin downstream region (small DR) including 3′-UTR and lacking both polyA signal and β-globin 3′-enhancer (Supplementary Note [2](#MOESM1){ref-type="media"} and Supplementary Figs. [2](#MOESM1){ref-type="media"}, [3](#MOESM1){ref-type="media"}, and [4](#MOESM1){ref-type="media"}). The 100-fold concentrated vector titers of the forward-oriented vectors (1.0 ± 0.2 × 10^9^ IU/mL) were 6-fold higher than the optimized vector in the reverse orientation (1.6 ± 0.2 × 10^8^ IU/mL, *p* \< 0.01) and slightly lower (\<2-fold) than that of a standard GFP-marking vector (1.9 ± 0.2 × 10^9^ IU/mL) (Fig. [1a](#Fig1){ref-type="fig"}). The forward-oriented vector (including short HS234, LP, and small DR) demonstrated a threefold higher transduction efficiency (%GFP) in human erythroid cells derived from transduced CD34^+^ cells in in vitro culture (51 ± 1%, *p* \< 0.01) as compared with the reverse-oriented vector (19 ± 1%) (Supplementary Note [2](#MOESM1){ref-type="media"} and Supplementary Fig. [4B](#MOESM1){ref-type="media"}). Evaluation by VCNs resulted in similar trends among vectors (Supplementary Notes [1](#MOESM1){ref-type="media"} and [2](#MOESM1){ref-type="media"}, and Supplementary Figs. [1](#MOESM1){ref-type="media"}, [2](#MOESM1){ref-type="media"}, and [4](#MOESM1){ref-type="media"}). These data demonstrate that the optimized forward-oriented vectors for globin expression have higher vector titers and more efficient transduction in CD34^+^ cells for erythroid differentiation than the optimized reverse-oriented vector. We chose the short LCR HS234 LP vector due to the higher transduction efficiency among CD34^+^ cells, and we reasoned that it would provide the highest expression in vivo.Fig. 1Higher vector titers with 100-fold concentration and more efficient transduction in xenograft mice for the optimized forward-oriented vector for globin expression. **a** We produced the forward-oriented globin-expressing vector with 100-fold concentration, which was optimized by the use of a short β-globin locus control region (LCR) composed of hypersensitive sites 2, 3, and 4 (HS2, HS3, and HS4), a large size of the β-globin promoter (LP), and a β-globin downstream region (DR) lacking the polyA signal. Vector titers of the forward-oriented vectors were evaluated, as compared with the optimized vector in the reverse orientation and a standard GFP-marking vector (*n* = 3--13). \*\**p* \< 0.01, \**p* \< 0.05 evaluated by *t*-test. **b** We transduced human CD34^+^ cells with reverse-oriented vector, forward-oriented vector, and standard marking vector with a GFP marker gene, and the transduced cells were transplanted into NOD/SCID/IL2Rγ^null^ mice (*n* = 3--5). Four months after transplantation, xenograft bone marrow cells were collected and cultured for human erythroid cells with human specific cytokines. **c** Human cell engraftment and average vector copy numbers (VCNs) in peripheral blood cells were evaluated for 4 months post transplant. \*\**p* \< 0.01 and \**p* \< 0.05 evaluated by Dunnett's test, compared with the forward-oriented vector. **d**, **e** After human erythroid cell differentiation from xenograft bone marrow cells (*n* = 3), we evaluated GFP expression using fluorescence microscopy (**d**) as well as GFP-positive percentages in erythroid cells by flow cytometry (**e**). Scale bars represent 100 μm. \**p* \< 0.05 evaluated by *t*-test between forward-oriented and reverse-oriented vectors. EPO: erythropoietin, FL: fms-related tyrosine kinase 3 ligand, GFP: enhanced green fluorescent protein, IL3: interleukin 3, MOI: multiplicity of infection, Mp: murine stem cell virus promoter, P: β-globin promoter, PCR: polymerase chain reaction, SCF: stem cell factor, TPO: thrombopoietin, YFP: enhanced yellow fluorescent protein

Improved transduction of human CD34^+^ cells in xenograft mice {#Sec4}
--------------------------------------------------------------

To evaluate transduction efficiency in human hematopoietic repopulating cells, human CD34^+^ cells were transduced with a reverse-oriented vector, forward-oriented vector (including short HS234, LP, and small DR), and standard marking vector with a GFP reporter gene (%GFP in vitro after erythroid differentiation 31%, 51%, and 42%, respectively) and the transduced cells were transplanted into immunodeficient NOD/SCID/IL2Rγ^null^ mice (Fig. [1b](#Fig1){ref-type="fig"}). We utilized a previously optimized CD34^+^ cell culture condition (1 day pre-stimulation and 1 day transduction), which we developed to allow for efficient lentiviral transduction and high-level engraftment of human CD34^+^ cells^[@CR26]^. We obtained similar human cell engraftment (human CD45-positive) among all groups (followed for 4 months post transplant) and the forward-oriented vector demonstrated higher VCNs (0.7--1.7) in peripheral blood cells than the reverse-oriented vector (0.2--0.8, *p* \< 0.05 at 8, 12, and 16 weeks) and similar VCNs to the standard marking vector (0.7--1.2) (Fig. [1c](#Fig1){ref-type="fig"} and Supplementary Fig. [5A](#MOESM1){ref-type="media"}). The xenograft bone marrow cells were collected 4 months post transplant and were cultured for human erythroid cells using human-specific cytokines (Fig. [1b](#Fig1){ref-type="fig"}). Two weeks after human erythroid cell differentiation, the forward-oriented vector demonstrated fourfold higher GFP-positive percentages (31 ± 9%, *p* \< 0.05) as compared with the reverse-oriented vector (7 ± 5%), which was similar to the standard marking vector (32 ± 11%) (Fig. [1d, e](#Fig1){ref-type="fig"} and Supplementary Fig. [5A](#MOESM1){ref-type="media"}), demonstrating for the first time that this forward-oriented vector performs at the level of our standard constitutively active marking vector.

Long-term gene marking in transplanted rhesus macaques {#Sec5}
------------------------------------------------------

To evaluate transduction efficiency for long-term hematopoietic repopulating cells, we first compared our optimized forward- and reverse-oriented vectors using erythroid elements to drive reporter genes in place of a globin gene. A chimeric HIV-1 vector system was used to efficiently transduce both human and rhesus CD34^+^ cells^[@CR27],[@CR28]^. We transduced rhesus CD34^+^ cells with the optimized reverse-oriented vector and forward-oriented vector including a GFP or enhanced yellow fluorescent protein (YFP) gene at a multiplicity of infection (MOI) 50 in a competitive repopulation assay following 10 Gy total body irradiation (Fig. [2a](#Fig2){ref-type="fig"} and Supplementary Fig. [5B](#MOESM1){ref-type="media"}). In the first animal (ZG28), half of the CD34^+^ cells were transduced with the forward-oriented vector encoding GFP, whereas the other half were transduced with the reverse-oriented vector encoding YFP. In the second animal (ZG11), the GFP marker was switched to YFP in the forward-oriented vector and vice versa in the reverse-oriented vector as an additional control. Efficient transduction was observed in transduced rhesus CD34^+^ cells before transplantation (%GFP or %YFP 63.4--64.0% and VCNs 2.3--7.1 in the forward-oriented vector, and %GFP or %YFP 41.2--42.9% and VCNs 2.2--10.9 in the reverse-oriented vector) (Supplementary Table [1](#MOESM1){ref-type="media"}). After transplantation of the transduced CD34^+^ cells, GFP and YFP signals from both vectors were detected in these two animals exclusively among RBCs by flow cytometry, demonstrating tissue specificity (Fig. [2b](#Fig2){ref-type="fig"}). Gene marking levels were evaluated by both GFP- or YFP-positive percentages (Fig. [2b](#Fig2){ref-type="fig"}) and VCNs (Fig. [2c, d](#Fig2){ref-type="fig"}) in peripheral blood cells. Higher (4- to 10-fold) %GFP or %YFP (ZG28 1.9% vs. 0.2%, *p* \< 0.01, and ZG11 1.3% vs. 0.3%, *p* \< 0.01, respectively) and 12- to 32-fold higher VCNs (ZG28 0.43--0.52 vs. 0.016--0.017, *p* \< 0.01, and ZG11 0.29--0.41 vs. 0.02--0.03, *p* \< 0.01, respectively) up to 5 years were demonstrated with the forward-oriented vector, as compared with the reverse-oriented vector. In addition, we confirmed higher levels of GFP or YFP RNA expression from the forward-oriented vector in differentiated erythroid cells from both animals at extended follow-up (Supplementary Fig. [6](#MOESM1){ref-type="media"}).Fig. 2Higher gene marking levels in long-term hematopoietic repopulating cells in rhesus macaques with the forward-oriented vector for globin expression. **a** To evaluate transduction efficiency for long-term hematopoietic repopulating cells, we transduced rhesus CD34^+^ cells with the optimized reverse-oriented vector and forward-oriented vector including a GFP or YFP gene (instead of a globin gene) in a competitive repopulation assay following 10 Gy total body irradiation. **b**--**d** In two animals (ZG28 and ZG11), GFP and YFP gene-marking levels were evaluated by both GFP- or YFP-positive percentages (**b**) and VCNs (**c**, **d**) in peripheral blood cells with the forward-oriented vector up to 5 years, as compared with the reverse-oriented vector. G-CSF: granulocyte colony-stimulating factor

As variability is common among outbred animals, we sought to determine how this forward-oriented vector compared with our standard GFP-marking vector, for which we often see clinically relevant gene marking in vivo long term using the competitive repopulation model. We thus compared the forward-oriented erythroid-specific vector with our standard gene-marking vector including a GFP or YFP gene driven by a constitutive promoter in a rhesus competitive repopulation assay. The forward-oriented vector and standard marking vector encoded GFP and YFP genes, respectively, in the third animal (ZG26), and YFP and GFP genes in the fourth animal (ZH05), and efficient transduction was observed in rhesus CD34^+^ cells in vitro (%GFP or %YFP 74.7--79.6% and VCNs 2.2--4.1 in the forward-oriented vector, and %GFP or %YFP 52.5--63.6% and VCNs 0.8--3.4 in the standard marking vector) (Supplementary Table [1](#MOESM1){ref-type="media"}). After transplantation of the transduced CD34^+^ cells, standard marking vectors demonstrated multi-lineage GFP or YFP expression in both ZG26 (granulocytes 1.6%, lymphocytes 1.5%, RBCs 0.5%, and platelets 1.4%) and ZH05 (granulocytes 3.3%, lymphocytes 5.3%, RBCs 0.8%, and platelets 1.1%), whereas erythroid-specific GFP or YFP expression was observed again from the LCR-driven forward-oriented vectors by flow cytometry (Fig. [3a](#Fig3){ref-type="fig"}). Gene-marking levels with the forward-oriented vector were comparable to standard GFP- or YFP-marking vectors for 5 years, demonstrating a one- to fourfold difference in GFP- or YFP-positive percentages (ZG26 0.542% vs. 0.541%, ns, and ZH05 4.1% vs. 0.8%, *p* \< 0.01, respectively) (Fig. [3a](#Fig3){ref-type="fig"}) and a two- to fourfold difference in VCNs (ZG26 0.15--0.18 vs. 0.37--0.40, *p* \< 0.01, and ZH05 1.16--1.31 vs. 0.34--0.47, *p* \< 0.01, respectively) (Fig. [3b, c](#Fig3){ref-type="fig"}). In addition, similar in vitro GFP or YFP RNA expression was observed in the forward-oriented and standard marking vectors in differentiated erythroid cells from both animals (Supplementary Fig. [6](#MOESM1){ref-type="media"}). These data demonstrate that the forward-oriented vector for globin expression achieves efficient transduction comparable to our standard marking vectors for long-term hematopoietic repopulating cells with erythroid-specific transgene expression.Fig. 3The forward-oriented vector achieves long-term marking levels in long-term hematopoietic repopulating cells in rhesus macaques similar to a standard gene marking vector. **a**--**c** We compared the forward-oriented vector with a standard gene marking vector including a GFP or YFP gene in the rhesus competitive repopulation assay. In two animals (ZG26 and ZH05), GFP and YFP gene-marking levels with the forward-oriented vector were evaluated by GFP- or YFP-positive percentages (**a**) and VCNs (**b**, **c**) for 5 years, as compared with a standard GFP or YFP-marking vector

Positive selection of intron 2-containing β-globin vector {#Sec6}
---------------------------------------------------------

We then replaced the GFP gene with the β-globin gene containing intron 2 in the optimized forward-oriented vector construct. To prevent the loss of intron 2 by RNA splicing during viral vector preparation in the forward orientation, we devised a strategy to ensure that only intron 2-containing vector would be packaged. To positively select intron 2-containing β-globin vectors, essential viral components (packaging signal, central polypurine tract (cPPT), or Rev response element (RRE)) were deleted in the backbone of the forward-oriented vector and the deleted viral components were inserted into intron 2 of the β-globin gene (Fig. [4a](#Fig4){ref-type="fig"}). We transduced HeLa cells with forward-oriented β-globin gene vectors with or without these selectable components (packaging signal (0.4 kb), cPPT (0.1 kb), or RRE (0.8 kb)) in intron 2 and evaluated the intron 2-containing vector and no intron 2 vector in transduced cells by Southern blot analysis (Fig. [4b](#Fig4){ref-type="fig"} and Supplementary Fig. [7A](#MOESM1){ref-type="media"}). We observed that around half of the forward-oriented vectors lost intron 2 during vector preparation when no elements were included in intron 2 (43% of intron 2-containing vector), whereas insertion of the RRE resulted in a positive selection (\~100%) of intron 2-containing β-globin vectors. The cPPT insertion demonstrated little effect on selection of intron 2-containing vectors (59%), whereas lentiviral vectors created by insertion of the packaging signal into intron 2 did not integrate, suggesting the packaging signal is disrupted by changing its position in the vector construct. We confirmed β-globin expression from the forward-oriented RRE-based vector by adult hemoglobin production at the protein level among human erythroid cells derived from transduced peripheral blood mononuclear cells (PBMCs) in SCD (Fig. [4c](#Fig4){ref-type="fig"} and Supplementary Fig. [7B](#MOESM1){ref-type="media"}).Fig. 4Insertion of the Rev response element (RRE) allows for positive selection of intron 2-containing β-globin vector. **a** To positively select intron 2-containing β-globin vectors, essential viral components (packaging signal (0.4 kb), central polypurine tract (cPPT) (0.1 kb), or RRE (0.8 kb)) were deleted in the backbone of the forward-oriented vector and the deleted viral components were inserted into intron 2 of the β-globin gene. **b** We evaluated integrating vector sizes by Southern blot analysis, to determine intron 2-positive (2.0--2.9 kb) and no intron 2 (1.4 kb) percentages for the forward-oriented β-globin vectors with or without intron 2 selection. **c** We confirmed β-globin expression from the forward-oriented vector by adult hemoglobin (HbA) production in human erythroid cells derived from transduced peripheral blood mononuclear cells in sickle cell disease (SCD). **d** We designed both the intron 2-selective vector and non-selective vector using a forward-oriented globin vector construct with an additional GFP-expression cassette. The intron 2-selective vector would be integrated and express GFP only when both intron 2 and RRE were intact (not spliced out). The non-selective vector should be integrated with or without intron 2. **e** We evaluated vector titers based on GFP positivity for the intron 2-selective vector (only intron 2-positive) and non-selective vector (overall vector production) in the forward-oriented β-globin construct. n.s. evaluated by *t*-test. HbC: hemoglobin C, HbS: sickle hemoglobin, HbF: fetal hemoglobin, LTR: long terminal repeat, ψ: packaging signal. All experiments except Southern blotting and Hb electrophoresis (single run) were performed in triplicate

For further analysis of intron 2 selection, we designed both an intron 2-selective vector and a non-selective vector using a forward-oriented globin vector construct with an additional GFP-expression cassette (Fig. [4d](#Fig4){ref-type="fig"}). The intron 2-selective vector would be integrated and express GFP only when both intron 2 and RRE were intact (not spliced out), whereas the non-selective vector should be integrated to express GFP with or without the intron 2. We evaluated GFP-based vector titers between the intron 2-selective vector (only intron 2-positive) and the non-selective vector (overall vector production) in the forward-oriented β-globin construct (Fig. [4e](#Fig4){ref-type="fig"}). We observed similar titers between the intron 2-selective vector and the non-selective vector in the forward-oriented β-globin vector construct, suggesting that RRE insertion allows efficient intron 2 selection for high-titer vector preparation with the forward-oriented β-globin gene.

Human β-globin production in transplanted rhesus macaques {#Sec7}
---------------------------------------------------------

When the GFP gene was switched to the β-globin gene with RRE selection, the 100-fold concentrated vector titers for forward-oriented β-globin vectors (1.3 ± 0.4 × 10^9^ IU/mL) were still sixfold higher than reverse-oriented β-globin vectors (1.9 ± 0.4 × 10^8^ IU/mL, *p* \< 0.05) (Fig. [1a](#Fig1){ref-type="fig"}) and nearly 100-fold higher when compared with our original reverse-oriented β-globin vectors. We transduced rhesus CD34^+^ cells with the optimized forward-oriented β-globin vector (with RRE-based intron 2 selection) at MOI 50 (VCNs 1.3--8.6) (Supplementary Table [1](#MOESM1){ref-type="media"}) and these cells were transplanted into autologous animals (ZH16, ZG48, ZI48, and ZJ03) following 10 Gy total body irradiation (Fig. [5a](#Fig5){ref-type="fig"}). In all animals, human β-globin expression was detected in RBCs for 4 years post transplant (ZH16 3.5%, ZG48 3.9%, ZI48 3.9%, and ZJ03 2.9%), as evaluated by detection using a human adult hemoglobin antibody in flow cytometry (Fig. [5b](#Fig5){ref-type="fig"} and Supplementary Fig. [5B](#MOESM1){ref-type="media"}). We observed stable gene marking in both granulocytes and lymphocytes up to 4 years (VCNs: ZH16 0.76 and 0.75, ZG48 0.62 and 0.43, ZI48 4.75 and 3.76, and ZJ03 0.84 and 0.70, respectively) (Fig. [5c](#Fig5){ref-type="fig"}). Human β-globin production was confirmed by reversed-phase high-performance liquid chromatography (RP-HPLC) (Fig. [5d](#Fig5){ref-type="fig"}), as well as liquid chromatography-mass spectrometry (LC-MS) (Fig. [5d](#Fig5){ref-type="fig"}) 3 years post transplant in ZI48. In addition, human β-globin expression was observed at the RNA level in bone morrow cells in ZI48 (Supplementary Fig. [8](#MOESM1){ref-type="media"}). These data demonstrate that the forward-oriented β-globin vector with intron 2 selection allows for efficient transduction among long-term hematopoietic repopulating cells at levels comparable to standard marking vectors lacking these complex control elements, as well as detectable human β-globin production at the protein level in a rhesus gene therapy model.Fig. 5Detectable human β-globin production at the protein level with the forward-oriented β-globin vector in rhesus transplantation. **a** We transduced rhesus CD34^+^ cells with the optimized forward-oriented β-globin vector (with RRE-based intron 2 selection) at MOI 50, and these cells were transplanted into autologous animals (ZH16, ZG48, ZI48, and ZJ03) following 10 Gy total body irradiation. **b** In all animals, human β-globin expression was analyzed in RBCs for 4 years post transplant, evaluated by a human HbA antibody in flow cytometry. **c** Gene marking levels were evaluated in both granulocytes and lymphocytes up to 4 years. **d** Three years post transplant in ZI48, human β-globin production in RBCs was evaluated at the protein level by reversed-phase high-performance liquid chromatography (RP-HPLC) and by liquid chromatography-mass spectrometry (LC-MS). All globin protein analysis experiments were performed in a single run

βT87Q-globin production from transduced SCD CD34^+^ cells {#Sec8}
---------------------------------------------------------

We further improved the forward-oriented vector by including β-globin 3′-enhancer and additional hypersensitivity sites 1 and 5 (HS1--5) to increase transgene expression (Supplementary Fig. [9](#MOESM1){ref-type="media"}) as compared with the formerly optimized forward-oriented vector including HS2, HS3, and HS4 (HS234) (described in the Supplementary Note [3](#MOESM1){ref-type="media"}). The HS1--5 forward-oriented vector has higher vector titers (*p* \< 0.05), higher transduction efficiency (%GFP, *p* \< 0.01 and VCNs, *p* \< 0.05), and higher transgene expression levels (GFP intensity, *p* \< 0.05), as compared with the reverse-oriented vector (Supplementary Note [3](#MOESM1){ref-type="media"} and Supplementary Fig. [9](#MOESM1){ref-type="media"}), demonstrating that the HS1--5 forward-oriented vector allows for high vector titer, high-efficiency transduction in human CD34^+^ cells, and high-level transgene expression in erythroid cells.

To analyze vector-derived globin expression levels in erythroid cells, we transduced CD34^+^ cells collected after plerixafor mobilization in patients with SCD with the optimized forward-oriented vectors encoding β-globin as well as βT87Q-globin (including an anti-sickling mutation T87Q) at MOI 50^[@CR29]^. We transduced SCD CD34^+^ cells 2 days after initiating erythroid differentiation and 2 weeks later, we evaluated hemoglobin production by hemoglobin electrophoresis and/or RP-HPLC. In the no transduction control, we exclusively observed a sickle hemoglobin band by hemoglobin electrophoresis, whereas transduction with the reverse-oriented and the forward-oriented globin vectors (encoding either normal β-globin or βT87Q-globin) resulted in an additional adult hemoglobin band (Fig. [6a](#Fig6){ref-type="fig"} and Supplementary Fig. [7C](#MOESM1){ref-type="media"}). An additional peak for βT87Q-globin was detected for both the reverse-oriented and the forward-oriented vectors by RP-HPLC (Fig. [6b](#Fig6){ref-type="fig"}). Quantification of vector-derived βT87Q-globin production demonstrated up to 48% of the total β-globin series with the HS1--5 forward-oriented vector (Fig. [6b](#Fig6){ref-type="fig"}). Globin-expression level per vector was evaluated by the ratios between βT87Q-globin protein amounts and VCNs in serial human CD34^+^ cell transduction followed by erythroid differentiation. The HS1--5 forward-oriented vector improved βT87Q-globin production per vector as compared with the HS234 forward-oriented vector (*p* \< 0.01), and similar βT87Q-globin production per VCN was observed between the HS1--5 forward-oriented vector and reverse-oriented vector (Fig. [6c](#Fig6){ref-type="fig"}). These data demonstrated that the forward-oriented β-globin vector with intron 2 selection allows for efficient transduction as well as robust globin expression in human erythroid cells derived from SCD subjects after plerixafor mobilization.Fig. 6Robust β-globin production at the protein level with the forward-oriented β-globin vector in erythroid cells differentiated from plerixafor-mobilized CD34^+^ cells in SCD. **a** SCD CD34^+^ cells were transduced with the optimized forward-oriented β-globin (or βT87Q-globin including an anti-sickling mutation T87Q) vectors at MOI 50 and the transduced cells were differentiated into erythroid cells for 2 weeks. β-globin production was evaluated by hemoglobin electrophoresis (HbA bands) and/or RP-HPLC (%), and VCNs were evaluated by quantitative PCR. **b** Globin protein peaks were detected by RP-HPLC. **c** Globin-expression levels per vector were evaluated by regression lines between VCNs and βT87Q-globin amounts at the protein level. The βT87Q-globin amounts were calculated by the area under the curve in RP-HPLC, compared with α-globin. \*\**p* \< 0.01 and \**p* \< 0.05 evaluated by Tukey's HSD test among regression lines. All globin protein analysis experiments were performed in a single run

Discussion {#Sec9}
==========

We have developed a forward-oriented β-globin-expressing vector resulting in sixfold higher vector titers and four- to tenfold higher VCN among long-term hematopoietic repopulating cells and their progeny when compared with our optimized, reverse-oriented β-globin-expressing vector. We reasoned that the relatively low titers and transduction efficiencies of lentiviral vectors driving expression of β-globin are related to the necessity of a reverse orientation to prevent the loss of intron 2, which is important for achieving high-level β-globin expression. This reverse orientation is unique among all other therapeutic lentiviral vectors. Although titers were increased remarkably by preparing these vectors in the forward orientation, we found that about half of the vectors lacked intron 2 when prepared in the forward orientation. To circumvent this loss, we inserted various elements required for vector production into intron 2, with insertion of the RRE, which is necessary for packaging, allowing for successful selection of intron 2-containing forward-oriented vector. Prolonged follow-up over 4 years post transplant in rhesus macaques demonstrates superior transduction of true long-term repopulating HSCs with this vector system. The nearly 100-fold improvement in vector titers that we obtained compared with our original vectors reduced both time and cost of large-scale vector production, which renders this vector system highly applicable for clinical use. It should also be noted that the improved transduction efficiency of our forward-oriented vector compared with reverse-oriented vectors is based on transductions performed at identical MOI, meaning that not only is production cost and effort reduced, the potency of the vector is increased as well. As VCN has recently been demonstrated as a limiting factor in lentiviral vector-mediated gene transfer and transplantation for SCD patients, the improved efficiency of HSC transduction observed using this construct should improve the therapeutic potential of gene therapy for SCD and other hemoglobin disorders. The RRE insertion allows us to produce intron 2-containing forward-oriented β-globin vector, permitting long-term human β-globin expression detectable at the protein level in rhesus macaques.

We initially sought to increase vector titers by simply using a forward orientation instead of the traditional reverse orientation, because we hypothesized that increased vector titers are required for efficient transduction of CD34^+^ cells. Low-titer lentiviral vectors pseudotyped with a vesicular stomatitis virus G protein (VSVG) envelope contain greater amounts of non-functional vector particles than high-titer vectors^[@CR25]^. Non-functional particles in low-titer vectors likely interfere with the internalization of functional particles by blocking VSVG receptors on HSCs, resulting in less efficient transduction. Indeed, a low-titer reverse-oriented vector could not efficiently transduce human CD34^+^ cells even with high MOIs (Supplementary Fig. [1](#MOESM1){ref-type="media"}), probably due to saturation of VSVG receptors on CD34^+^ cells by non-functional particles. On the other hand, high-titer forward-oriented vectors efficiently transduced human CD34^+^ cells with more efficient transduction at increasing MOIs (Supplementary Fig. [2](#MOESM1){ref-type="media"}). These data suggest that high titers (and high vector concentration) are important for efficient transduction in human CD34^+^ cells.

We then evaluated gene marking levels in transplanted animals after long-term multi-lineage reconstitution, because long-term models of HSC transplantation are the most reliable for evaluating HSC transduction. However, rhesus HSCs respond differently than human HSCs when transduced with HIV-1-based lentiviral vectors, because HIV-1 infection is restricted by innate immunity factors^[@CR30],[@CR31]^. Therefore, we previously developed a humanized xenograft mouse model with lentiviral transduction, which allows for human hematopoietic reconstitution with lentiviral gene marking in transplanted mice^[@CR26]^. In the xenograft mouse model, we demonstrated that cytokine stimulation results in more efficient lentiviral transduction but lower engraftment of human CD34^+^ cells; thus, we optimized CD34^+^ cell culture conditions (1 day pre-stimulation and 1 day transduction) to accomplish both efficient lentiviral transduction and high-level engraftment^[@CR26]^. In addition, we circumvented the restriction to HIV-1-based lentiviral vectors in the rhesus HSC gene therapy model by developing a chimeric HIV-1-based lentiviral vector including the simian immunodeficiency virus capsid, which allows for efficient transduction in both human and rhesus CD34^+^ cells^[@CR27],[@CR28]^. In this study, these animal models were used to evaluate levels of transduction with forward-oriented globin vectors in human and rhesus cells following hematopoietic reconstitution in transplanted animals (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, and [5](#Fig5){ref-type="fig"}). Our data demonstrate more efficient transduction of both human and rhesus HSCs with the forward-oriented globin vector, as compared with the reverse-oriented globin vector. Importantly, these levels are equivalent to our standard marking vector lacking the complex globin regulatory elements that have historically limited both vector titer and transduction efficiency. The more efficient transduction and higher VCN consistently observed with the forward-oriented globin vector should improve the therapeutic potential of lentiviral gene therapy strategies already in development for hemoglobin disorders.

We demonstrated substantially higher gene-marking levels with the forward-oriented globin-expressing vectors for both differentiated erythroid cells in vitro and long-term hematopoietic repopulating cells in rhesus macaques. We also demonstrated similar transgene expression levels in forward-oriented globin vectors evaluated by both GFP intensity and adult hemoglobin production in differentiated erythroid cells in vitro, as compared with the reverse-oriented globin vector (Figs. [4](#Fig4){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, and Supplementary Figs. [2](#MOESM1){ref-type="media"}, [4](#MOESM1){ref-type="media"}, and [9](#MOESM1){ref-type="media"}). These data suggest sufficient amounts of globin production for phenotypic correction could be achieved using the forward-oriented globin vector, as reverse-oriented globin vectors have allowed for phenotypic correction in mouse models and preliminary clinical trials for hemoglobin disorders^[@CR8],[@CR9],[@CR14],[@CR16],[@CR18]--[@CR23]^. Around 20% gene marking in HSCs and 20% β-globin production in RBCs are thought to be required for SCD gene therapy, based on modeling of donor chimerism after allogeneic HSC transplantation in SCD at our center^[@CR32]^. In a current SCD gene therapy trial (with a reverse-oriented vector), VCNs of 1--2 in PBMCs appear sufficient to direct therapeutic effects for SCD, whereas lower VCNs do not^[@CR23],[@CR24]^. We demonstrated higher gene-marking levels with our forward-oriented vectors than a reverse-oriented vector, achieving VCNs of 0.4--4.8 with the forward-oriented β-globin vector in a total of 4 rhesus macaques (ZH16 0.75--0.76, ZG48 0.43--0.62, ZI48 3.76--4.75, and ZJ03 0.70--0.84). However, we anticipate the levels of human β-globin production observed in rhesus RBCs to be lower than those in a SCD gene therapy setting, as the extended lifespan of corrected RBCs would allow for their selection in SCD patients, whereas this survival advantage should not be reflected in the rhesus model^[@CR33]^. In experiments using plerixafor-mobilized SCD CD34^+^ cells, similar amounts of β-globin production were observed using the forward-oriented and reverse-oriented vector, achieving \~50% of β-globin production (Fig. [6b](#Fig6){ref-type="fig"}). These data suggest that the forward-oriented β-globin vector can improve transduction efficiency of HSCs and direct sufficient β-globin production to allow successful SCD gene therapy.

Currently, reverse-oriented globin vectors are used in all gene therapy trials for hemoglobin disorders, including β-thalassemia and SCD^[@CR9],[@CR23]^. In preliminary gene therapy trials, partial therapeutic effects (reduction of RBC transfusion) were observed for β-thalassemia patients^[@CR9]^. However, once higher levels of gene transfer were obtained (attributed to improved transduction efficiency among individuals), improvements were seen in β-thalassemia and in a single SCD subject, demonstrating the importance of efficient transduction for improving prospects of gene therapy in hemoglobin disorders^[@CR9],[@CR23],[@CR24],[@CR34],[@CR35]^. Improving transduction efficiency of HSCs appears even more critical in gene therapy for SCD as compared with β-thalassemia, as marking levels have thus far been lower in SCD gene therapy trials. Furthermore, β-globin protein levels achieved by reverse-oriented vectors to date may be insufficient to overcome the pathogenic effects of sickle globin, which are not mitigated by the gene addition approach. The more efficient transduction of CD34^+^ cells in vitro and in vivo achieved with our forward-oriented globin vector (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, and [3](#Fig3){ref-type="fig"}, and Supplementary Figs. [2](#MOESM1){ref-type="media"} and [4](#MOESM1){ref-type="media"}) should advance gene therapy for hemoglobin disorders by allowing us to achieve transduction levels required for broad success in SCD.

In parallel, we (and others) are investigating other promising strategies to increase transduction efficiency in gene therapy for SCD. We previously optimized conditions for CD34^+^ cell transduction with lentiviral vectors using a xenograft mouse model and demonstrated efficient long-term gene marking in a rhesus gene therapy model^[@CR26]--[@CR28]^. Current conditions are highly optimized including the time course, cytokine stimulation, and culture media; however, further improvements in transduction efficiency for CD34^+^ cells have been developed in the interim. It is important, therefore, to compare the results with our control vectors, to appreciate the level of improvement this vector system allows. Additional measures may also be required to advance gene therapy for SCD. We recently determined that a higher fraction of erythroid progenitors are contained within the CD34^+^ cell fraction in the marrow of SCD patients, suggesting improved collection and purification methods might be required for SCD gene therapy^[@CR36]^. Optimized CD34^+^ cell collection and transduction will be combined with our efficient forward-oriented globin vector system as a next step.

Intron 2 has historically been included in all β-globin vectors since Miller's pioneering work in the 1980s, demonstrating its importance for expression and consequently the requirement for reverse orientation to prevent its loss by RNA splicing. Thus, we devised a strategy to ensure that this element was not removed during viral preparation in the forward orientation. After testing insertion of several critical viral vector elements, we determined that insertion of the RRE into intron 2 allows for positive selection of intron 2-containing forward-oriented globin vector among transduced cells (Fig. [4](#Fig4){ref-type="fig"}). We confirmed human β-globin protein production in the forward-oriented β-globin vector with RRE selection in differentiated erythroid cells from normal volunteers and from patients with SCD by hemoglobin electrophoresis and RP-HPLC, and in a rhesus macaque 3 years post transplant by RP-HPLC and LC-MS (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, and [6](#Fig6){ref-type="fig"}). These data suggest that the forward-oriented β-globin vector with RRE selection allows for efficient transduction in HSCs, and that RRE insertion into intron 2 does not interfere with β-globin protein production.

In reverse-oriented vectors, inclusion of promoter, coding region, and polyA signal is required for transgene expression. In contrast, the polyA signal should be removed in forward-oriented vectors, as the 3′-long terminal repeat (LTR) is utilized as a polyA signal in forward-oriented vectors. The presence of an internal polyA signal possibly can result in bidirectional termination that may interfere with transcription of the full-length vector RNA genome during lentiviral vector preparation, reducing vector titers^[@CR37]^. Basically, polyA signals induce cleavage of mRNA and the addition of a polyA tail in only one direction; however, a bidirectional termination is also observed in polyA signals^[@CR38]--[@CR40]^. In a reverse-oriented globin vector, polyA function was reported in the opposite direction of the downstream region (including a polyA signal)^[@CR41],[@CR42]^. In addition, cryptic polyA signals can be produced in unexpected regions when switching from forward orientation to reverse orientation in globin vector constructs^[@CR42]^. Therefore, the β-globin downstream region as well as cryptic polyA signals could reduce vector titers in reverse-oriented vectors. In contrast, a forward-oriented β-globin coding region should be optimal for RNA transcription, as RBCs are capable of high-level hemoglobin production. In addition, insertion of woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) was reported to improve lentiviral vector titers^[@CR43]^ and the WPRE fragment was utilized for previous optimization in reverse-oriented β-globin vectors (upstream or downstream of 3′-LTR)^[@CR44],[@CR45]^, suggesting that vector RNA stability might be improved by WPRE insertion, which might be a potential reason for the low titers in reverse-oriented vectors.

MOI escalation (from 1 to 50) of the reverse-oriented vector resulted in increased %GFP (from 6 to 11%) and VCNs (from 0.04 to 0.4), but no increase in GFP intensity (\~1300) in the GFP-positive fraction (Supplementary Fig. [1C](#MOESM1){ref-type="media"}). In low-level transduction (6--11%) with the reverse-oriented vector at MOIs 1--50, most of the transduced cells should have 1 vector genome per cell; therefore, GFP intensity in GFP-positive fraction should not increase by MOI escalation. In contrast, an increase in %GFP (from 13 to 64%), VCNs (from 0.01 to 0.8), and GFP intensity (from 300 to 800) was observed with the standard marking vector, as high-level transduction (64%) at MOI 50 should increase the amounts of vector genome per cell (1 or more) in the transduced cell fraction, resulting in higher GFP intensity in the GFP-positive fraction. In this MOI escalation, similar trends were observed between %GFP and VCNs; both %GFP and VCNs in the standard marking vector increased more sharply at higher MOIs as compared with the reverse-oriented vector. However, MOI escalation (1--50) increased VCNs (10--80-fold) more strongly than %GFP (2--5-fold) in both vectors. %GFP is saturated up to 100%, whereas VCNs can increase \>1; thus, VCNs can increase more sharply in MOI escalation than %GFP.

We analyzed the correlation between in vitro VCNs in transduced CD34^+^ cells and in vivo VCNs in granulocytes and lymphocytes, as well as in vitro %GFP (or %YFP) in differentiated erythroid cells and in vivo VCNs in transplanted rhesus macaques. We observed a positive correlation between in vitro %GFP (or %YFP) and in vivo VCNs (*R*^2^ = 0.53, *p* \< 0.05 in granulocytes and *R*^2^ = 0.47, *p* = 0.06 in lymphocytes); however, we failed to show a strong correlation between in vitro VCNs and in vivo VCNs (*R*^2^ = 0.03, *p* = 0.60 in granulocytes and *R*^2^ = 0.02, *p* = 0.69 in lymphocytes). We have previously demonstrated a positive correlation between in vitro %GFP and in vivo VCNs, as well as in vitro VCNs and in vivo VCNs in our rhesus transplantation model with lentiviral transduction; however, in vitro VCNs can be overestimated by contaminated vector plasmids that are used for vector preparation, reducing their predictive value^[@CR46]^. We utilized an integration-specific probe/primers for VCN evaluation, but when large amounts of plasmid or non-integrated vector DNA (pre-integration complex) remain in transduced cells, this method is less reliable for determining in vitro VCNs. Indeed, in an ongoing gene therapy trial for SCD, improving VCN in vitro seems important to enhance the therapeutic potential of lentiviral gene transfer strategies in patients^[@CR24]^.

For the first time, we demonstrated human β-globin production at the protein level detectable in RP-HPLC 3 years after rhesus transplantation of transduced CD34^+^ cells (Fig. [5d](#Fig5){ref-type="fig"}). This additional peak of human β-globin protein was analyzed by mass spectrometry to confirm the specific protein mass (15867.2), which was matched to the calculated mass based on the amino acid sequence (Fig. [5d](#Fig5){ref-type="fig"}). We confirmed human β-globin RNA expression in bone marrow cells in the transplanted rhesus macaques (Supplementary Fig. [8](#MOESM1){ref-type="media"}). We also observed low positivity for GFP (or YFP) in non-erythroid cells from both reverse-oriented and forward-oriented vectors including HS234 and β-globin promoter. The presence of small amounts of transgene products in leukocytes may be important for education of immune cells to recognize GFP (or YFP) as a self-protein. Detection of human β-globin production should be more difficult in rhesus macaques as compared with patients with SCD, as SCD RBCs have shorter half-life than normal RBCs^[@CR32]^. Thus, normal or therapeutic β-globin gene addition should allow for positive selection of transduced RBCs with longer half-life in gene therapy patients, but this positive selection should not occur in rhesus macaques. We further improved transgene expression levels by using the HS1--5 forward-oriented vector including additional HS1 and HS5, as well as β-globin 3′-enhancer (Fig. [6](#Fig6){ref-type="fig"} and Supplementary Fig. [9](#MOESM1){ref-type="media"}). In addition, we recently demonstrated more efficient transduction methods in human CD34^+^ cells in high-density culture with adjuvants^[@CR47]^. Improvement of transduction efficiency and transgene expression might allow for higher amounts of human β-globin production at the protein level in transplanted rhesus macaques and, ultimately, in humans.

We performed a large number of rhesus transplantation experiments with gene marking followed for more than 10 years, and stable gene marking was achieved around 6 months after transplantation^[@CR27],[@CR28],[@CR48]^. However, slight increases or decreases in gene-marking levels are often observed by %GFP and/or VCNs even beyond 6 months after transplantation. In parallel, we routinely checked complete blood counts to confirm normal hematopoiesis. In this study, we observed mild increases or decreases in gene-marking levels by %GFP (or %YFP) and VCNs, but these fluctuations likely reflect normal hematopoiesis.

In summary, we have developed a clinically relevant, forward-oriented, globin-expressing vector, with marked improvements in both viral titer and transduction efficiency for hematopoietic repopulating cells, as compared with an optimized reverse-oriented vector similar to those being studied in current clinical trials in humans. RRE insertion allowed positive selection of intron 2-containing forward-oriented β-globin vectors and human β-globin production was observed in transplanted rhesus macaques with the forward-oriented β-globin vector transduction. These findings bring us closer to a curative gene therapy approach for hemoglobin disorders.

Methods {#Sec10}
=======

Lentiviral vector design and preparation {#Sec11}
----------------------------------------

A chimeric HIV-1-based lentiviral vector (χHIV vector) system was used to efficiently transduce both human and rhesus hematopoietic cells, as previously described^[@CR27],[@CR28],[@CR31],[@CR49],[@CR50]^. The erythroid-specific globin expression vectors contain the LCR (HS1 (GenBank sequence U01317; 0.2 kb: 13337--13535), HS2 (0.8 kb: 8049--8864), HS3 (0.7 kb: 4475--5176, 0.9 kb: 4300--5177, or 1.3 kb: 3877--5177), HS4 (0.2 kb: 1025--1224, 0.4 kb: 957--1390, or 1.1 kb: 328--1390), and/or HS5 (NG_052895; 0.4 kb: 21762--21611 and 20321--20090)), β-globin promoter (0.2 or 0.7 kb), β-globin gene with introns (0.4 kb deletion within the intron 2 (+579 to  +614)) or GFP (or YFP) gene, β-globin downstream region including 3′-UTR with or without a polyA signal (0.7 kb or 0.1 kb, respectively), and/or β-globin 3′-enhancer (U01317: 0.3 kb insertion in the forward-oriented vector: 64297--64561, 0.3 kb deletion in the reverse-oriented vector: 64290--64620)^[@CR17],[@CR25]^. To positively select intron 2-containing β-globin vectors, essential viral components (packaging signal (0.4 kb), cPPT (0.1 kb), or RRE (0.8 kb)) were deleted in the backbone of the forward-oriented vector and the deleted viral components were inserted into the β-globin intron 2 (SspI site) between the splicing donor and branch site. To optimize a reverse-oriented globin vector, we deleted cryptic polyA signals by mutations in all AATAAA sequences, except for the LTR and β-globin downstream region, and deletions for the 5′-fragment of the promoter (482 bp) and the 3′-fragment of β-globin downstream region (331 bp)^[@CR42]^. The standard marking vector contains an Mp promoter and GFP (or YFP) gene (pCL20cMpGFP), which was previously demonstrated to achieve efficient transduction in human hematopoietic repopulating cells in xenograft mice and rhesus hematopoietic repopulating cells in vivo^[@CR26]--[@CR28]^. The χHIV vectors were prepared by 293T cells (American Type Culture Collection (ATCC), Manassas, VA, USA) with co-transfection of chimeric gag-pol, rev-tat, VSVG envelope, and vector plasmids (6, 2, 2, and 10 μg, respectively), as previously described^[@CR26],[@CR28]^. The media containing vectors were 100-fold concentrated by ultracentrifugation (82,700 × *g* (25k RPM in SW28 rotor) for 1.5 h, Optima XE-90, Beckman Coulter Life Sciences, Indianapolis, IN, USA). The GFP-encoding vector titers (IU/mL) were calculated by using GFP-positive percentages in transduced HeLa cells (when derived from Mp, ATCC) or MEL cells (when derived from the β-globin promoter, ATCC), evaluated by flow cytometry (FACSCalibur, BD Biosciences, East Rutherford, NJ, USA). The β-globin-encoding vector titers (no GFP marker) were calculated by VCNs in transduced HeLa cells in comparison with the GFP titer of a standard marking vector, evaluated by quantitative PCR (qPCR) (QuantStudio 6 Flex Real-Time PCR System, Thermo Fisher Scientific) with integration-specific self-inactivating-LTR probe/primers or LV2 probe/primers and TaqMan Ribosomal RNA control reagents (Thermo Fisher Scientific), as previously described^[@CR46]^.

Erythroid differentiation from transduced human CD34^+^ cells {#Sec12}
-------------------------------------------------------------

Granulocyte colony-stimulating factor-mobilized CD34^+^ cells from healthy donors and plerixafor-mobilized CD34^+^ cells and steady-state PBMCs from SCD patients were collected under studies (08-H-0156, 17-H-0124, and 03-H-0015) that were approved by the Institutional Review Board of the National Heart, Lung, and Blood Institute (NHLBI). All individuals gave written informed consent for the sample donation and consent documents are maintained in the donor's medical records. The consent document was approved by the Institutional Review Board prior to study initiation and is reviewed and updated yearly.

Human CD34^+^ cells were cultured in fibronectin (RetroNectin^TM^; Takara, Shiga, Japan)-coated 12-well plates with serum-free X-VIVO10 media (Lonza, Basel, Switzerland) containing 100 ng/ml each of stem cell factor (SCF, R&D Systems, Minneapolis, MN, USA), fms-related tyrosine kinase 3 ligand (R&D Systems), and thrombopoietin (R&D Systems)^[@CR26]^. After overnight pre-stimulation, the cells were transduced with χHIV vectors at MOI 50 (or MOI de-escalation). The next day, transduced cells were differentiated into erythroid cells using Iscove's modified Dulbecco's medium (Mediatech, Inc., Manassas, VA)-based erythroid differentiation, including a 5- to 6-day differentiation phase with 20% fetal bovine serum (FBS, Mediatech), 2 U/ml erythropoietin (EPO, AMGEN, Thousand Oaks, CA, USA), 10 ng/ml SCF, 1.0 ng/ml interleukin 3 (R&D systems), 1.0 μM dexamethasone (VETone, Boise, ID, USA), and 1.0 μM estradiol (Pfizer, New York, NY, USA), and a subsequent 8- to 9-day maturation phase with 20% FBS, 2 U/ml EPO, 10 ng/ml insulin (Lilly, Indianapolis, IN, USA), 0.5 mg/ml transferrin (Sigma Aldrich, Saint Louis, MO, USA), and 2% bovine serum albumin (Roche, Indianapolis, IN, USA), which are slightly modified from human erythroid massive amplification culture^[@CR51],[@CR52]^.

After erythroid differentiation, GFP-positive percentages in erythroid cells and GFP intensity in the GFP-positive fraction were evaluated by flow cytometry with glycophorin A (GPA) antibody (clone GA-R2, BD Biosciences). Hemoglobin production was evaluated by hemoglobin electrophoresis (Helena Laboratories, Beaumount, TX, USA)^[@CR52],[@CR53]^.

Xenograft transplantation of transduced human CD34^+^ cells {#Sec13}
-----------------------------------------------------------

We used male NOD/SCID/IL2Rγ^null^ mice (NOD.Cg-Prkdc^scid^ IL2rg^tm1Wjl^/SzJ; Jackson Laboratory, Bar Harbor, ME, USA) that were 6--8 weeks old, following the guidelines set out by the Public Health Services Policy on Humane Care and Use of Laboratory Animals under a protocol approved by the Animal Care and Use Committee of the NHLBI. Human CD34^+^ cells (2 × 10^6^ cells per mouse) were pre-stimulated and transduced with lentiviral vectors at MOI 50, and these cells were injected into the NOD/SCID/IL2Rγ^null^ mice following sublethal busulfan conditioning (35 mg/kg, Busulfex, PDL BioPharma, Redwood City, CA, USA)^[@CR26]^. The percentages of human CD45^+^ cells (clone HI30; BD Biosciences) and VCNs in human cells were evaluated in peripheral blood cells in the xenograft mice. Bone marrow cells were collected from the xenograft mice 4 months after transplantation, and these cells were cultured and differentiated into human erythroid cells using the same erythroid differentiation protocol from human CD34^+^ cells^[@CR52],[@CR54]^. GFP expression among human GPA-positive erythroid cells was evaluated by flow cytometry.

Rhesus HSC transplantation with lentiviral transduction {#Sec14}
-------------------------------------------------------

We previously developed a large animal model for HSC transplantation with lentiviral transduction in rhesus macaques, following the guidelines set out by the Public Health Services Policy on Humane Care and Use of Laboratory Animals under a protocol approved by the Animal Care and Use Committee of the NHLBI^[@CR27],[@CR28],[@CR55]^. Granulocyte colony-stimulating factor (Amgen, Thousand Oaks, CA, USA) and SCF (Amgen)-mobilized rhesus CD34^+^ cells were transduced with χHIV vectors encoding GFP, YFP, or β-globin gene at MOI 50, and the transduced cells were transplanted into autologous rhesus macaques following total 10 Gy total body irradiation (2 × 5 Gy).

In competitive repopulation assays between GFP and YFP markers, GFP- or YFP-positive percentages in peripheral blood cells were evaluated by flow cytometry, whereas the GFP or YFP VCNs were evaluated by qPCR with GFP and YFP probe/primers^[@CR27],[@CR28]^. Human β-globin production in rhesus RBCs was evaluated in flow cytometry with human adult hemoglobin antibody (clone H1)^[@CR56],[@CR57]^. Human β-globin production was confirmed by RP-HPLC and LC-MS, as previously described^[@CR53]^. Human β-globin RNA expression was evaluated by reverse-transcription qPCR using human β-globin-specific probe/primers (qhBG forward: 5′-GTG CCT TTA GTG ATG GCC TGG-3′, qhBG reverse: 5′-CCT GAA GTT CTC AGG ATC CAC G-3′, and qhBG probe: 5′-ACC TCA AGG GCA CCT TTG CCA CA-3′) and reference probe/primers detectable for both human and rhesus β-globins (qbothBG-f: 5′-CTC CTG ATG CTG TTA TGG G-3′, qbothBG-r: 5′-CTT GAG GTT GTC CAG GTG-3′, and qbothBG-p: 5′-ACT TTC TTG CCA TGA GCC TTC ACC TTA GGG-3′).

Southern blot analysis {#Sec15}
----------------------

The integrated vector sizes were evaluated by Southern blot analysis, as previously described^[@CR58],[@CR59]^. Briefly, DNA extracted from transduced HeLa cells were digested by NotI and EcoRI (New England Bio Labs, Beverly, MA, USA), and the sizes of digested DNA were determined by an HS2 probe (0.8 kb), which was produced by in vitro transcription from a PCR product of HS2F3 + T7p primer (5′-TAA TAC GAC TCA CTA TAG GGT GGG TGG ACT GCT TGG AGC TCA GGA GTT C-3′) and HS2R3 primer (5′-TAT GAT GCC GTT TGA GGT GGA G-3′). The band sizes are larger in intron-2-containing β-globin vectors (2.0--2.9 kb) than no intron-2 β-globin vectors (1.4 kb).

Statistical analysis {#Sec16}
--------------------

Statistical analyses were performed using the JMP 13 software (SAS Institute, Inc., Cary, NC, USA). Two averages were evaluated with one-tailed Student's *t*-test. The averages in various conditions were evaluated by Dunnett's test (one-way analysis of variance (ANOVA) for a control) or Tukey's honestly significant difference test (one-way ANOVA among multiple groups). A correlation was evaluated by *t*-test for coefficient of correlation and *R*^2^ in regression analysis. A *p*-value of \<0.01 or 0.05 was deemed significant. SEM was shown as error bars in all figures.

Supplementary information
=========================

 {#Sec17}

Supplementary Information

**Peer review information** *Nature Communications* thanks the anonymous reviewers for their contribution to the peer review of this work.

**Publisher's note** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** is available for this paper at 10.1038/s41467-019-12456-3.

We thank the animal care staff and technicians for their care and handling of animals. We thank Anna Shvygina, Luke P. Skala, Tina Nassehi, Claire M. Drysdale, Jackson Gamer, and Morgan Yapundich for assisting with experiments. We thank Claire M. Drysdale for editing the manuscript. We thank Dr. Duck-Yeon Lee from the NHLBI Biochemistry Core for RP-HPLC analysis help and Dr. Marjan Gucek from the NHLBI Proteomics Core for mass spectrometry analysis help. We published an international patent (WO 2016/039933 A1) on 17 March 2016, and United States patent (US 2017/0296630 A1) on 19 October 2017. This work was supported by the intramural research program of the National Heart, Lung, and Blood Institute (NHLBI) and the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) at the National Institutes of Health (NIH).

N.U. designed the research (all), performed experiments (mostly), analyzed results, made the figures, and wrote the paper. M.H. performed experiments (patient care). L.R. performed experiments (cell culture). J.H. performed experiments (HPLC). S.D. performed experiments (HPLC). A.B. performed experiments (rhesus CD34^+^ cell selection). A.K. performed experiments (animal care). M.M. performed experiments (animal care). R.D. designed the research (rhesus transplantation). J.T. designed the research (all) and wrote the paper.

All relevant data are available from the corresponding author upon reasonable request. Human β-globin sequence is available at Genbank (NM_000518).

The authors declare no competing interests.
